S U M M A R Y Aquaporins (AQP) have important solute transport functions in many tissues including the epididymal efferent ducts (ED) and in the liver. We investigated the effect of neonatal exposure to diethylstilbestrol (DES) on AQP9 expressions in the ED and in the liver of rats. DES was administered from day 2 to day 20 postnatally at a dose of 4,8 mg/day, and AQP9 protein and mRNA were measured by immunoblotting and real-time PCR, respectively, along with immunohistochemistry. DES caused hepatic downregulation of AQP9 at both the protein and mRNA level; however, decreased AQP9 labeling was only observed in the periportal zone. In the ED, AQP9 protein expression was increased in the DES-treated animals by 300% that could be ascribed to a widening of the ED lumen, whereas no difference was observed in AQP9 mRNA expression. Immunohistochemical findings revealed that AQP9 expression was confined to the epithelial cells of the ED. In conclusion, neonatal DES exposure appears to upregulate AQP9 channels in the ED in male rats, whereas a downregulation in the hepatic expression was observed, particularly in the periacinous area. (J Histochem Cytochem 56:425-432, 2008) 
AQUAPORINS (AQP) were discovered 15 years ago (Preston and Agre 1991) , and since then at least 13 mammalian AQPs have been identified (Agre et al. 2002; Castle 2005) . In humans, AQP9 is highly expressed in leukocytes and to a lesser extent in liver tissue (Ko et al. 1999; Tsukaguchi et al. 1999 ) and in the epididymis (Pastor-Soler et al. 2001) . In rats, AQP9 has been observed in liver, testes, epididymis, epididymal efferent ducts (ED), and the brain (Elkjaer et al. 2000; Nicchia et al. 2001 ). Human and rat AQP9 are 295 amino acid-long proteins with a sequence homology of z75% (Elkjaer et al. 2000) . In addition to water, AQP9 displays transport capacity for glycerol, urea, and other small solutes (lactate, carbamides, polyols, purines, and pyrimidines) as well as 5-fluorouracil (Tsukaguchi et al. 1998 (Tsukaguchi et al. ,1999 Badaut et al. 2001) .
Hepatic AQP9 is localized on the sinusoidal surface of hepatocytes (Nicchia et al. 2001; Nihei et al. 2001; Carbrey et al. 2003) , whereas the apical bile canaliculi are not stained by AQP9 antibodies. The physiological role and the regulation of AQP9 expression in the liver have not yet been elucidated. Previous findings indicate that estrogens are involved in the regulation of blood glucose concentrations by inhibiting gluconeogenesis and increasing glycogen storage in liver and muscle (Matute and Kalkhoff 1973; Ahmed-Sorour and Bailey 1981) . AQP9 transports glycerol, a substrate for gluconeogenesis, and it could therefore be speculated whether estrogens regulate expression of AQP9 in the liver as part of regulating blood glucose. Indeed, the total level of AQP9 expression in the liver is higher in male than in female rats, also having a more localized periacinous expression (Nicchia et al. 2001) . Nevertheless, in adult male rats, ethinyl estradiol at a dose sufficiently high to cause cholestasis had no effect on AQP9 expression (Carreras et al. 2007 ).
Exposure to endocrine disruptors (including estrogenlike chemicals) during perinatal life has been suspected to contribute to the apparent increases in incidences of testicular cancer, cryptorchidism, and hypospadia along with the decrease in semen quality, phrased as "testicular dysgenesis syndrome" (Sharpe and Skakkebaek 1993; Skakkebaek et al. 2001; Sharpe 2006) . Sensitivity to estrogen-induced disturbances of the male reproductive tissues seems to be elevated during neonatal and fetal life compared with adulthood (Aksglaede et al. 2006) . During neonatal life, proliferation of the male reproductive tract is relatively slow, and it is not until the increase in testosterone observed at puberty that growth accelerates (Sun and Flickinger 1979) . Disruption of the estrogen-androgen balance upon excessive estrogen exposure induces abnormal expression patterns of ERa/b and androgen receptor McKinnell et al. 2001) , which may disturb correct growth and differentiation of the tissues.
Aquaporins expressed in the ED mediate water transport out of the lumen, decreasing the water content of the semen and thereby increasing sperm quality. Estrogens have been recognized to play a physiological role in the regulation of fluid transport in the male reproductive system, and this may be regulated by expression of aquaporins, possibly AQP9 (Oliveira et al. 2005) . ED expresses AQP1, 9, and 10, and both AQP1 and AQP9 seem to be involved in estrogen-regulated water reabsorption (Fisher et al. 1998; Oliveira et al. 2005) . Effects of estrogen and certain androgen metabolites are thought to be mediated via the estrogen receptors (ERa and b) that are highly expressed in the ED (Hess et al. 1997b; Picciarelli-Lima et al. 2006) .
Structural and functional development of ED are susceptible to changes after estrogen exposure during early life, and this has been associated with downregulation of AQP1 expression (Fisher et al. 1998 (Fisher et al. ,1999 . In contrast, estrogen exposure caused upregulation of AQP9 expression in adult rats. Thus, the effect of neonatal estrogen exposure on the regulation of AQP9 expression in the ED is of great interest. In this study we investigated mRNA and protein expression as well as immunolocalization of protein AQP9 in liver and ED from rats exposed postnatally to DES.
Materials and Methods

Animals and Treatment
Two-day-old male Spraque Dawley rats were obtained from Taconic Europe (Ry, Denmark). A total of four rat nurses nursed six to seven siblings each until the pups were sacrificed on postnatal day (PND) 20. Animals received a standard diet (Altromin Standard Diet #1314; Lage, Germany) and tap water ad libitum. They were housed in an environmentally controlled animal facility operating at 18-22C, 40-60% humidity, and a 12-hr light/dark cycle. Each litter received the same treatment, which was either 0.1 mg diethyl-stilbestrol (DES) or DES-placebo as pellets that released hormone with a constant rate during a period of 21 days (Innovative Research of America; Sarasota, FL). Pellets were placed SC on PND 2. The total amount of hormone released was z86 mg/rat. Animals were weighed on PND 2, 6, 9, 13, 17, and 20 to ensure an even weight gain in the exposed vs the unexposed animals. Institutional guidelines for animal welfare were followed, and the experiments were approved by the Danish Animal Experimental Inspectorate.
Immunoblot Analysis
Liver and ED (n56) were collected immediately after the animals were sacrificed by cervical dislocation, and AQP9 protein level was measured by Western blotting. Approximately 0.8 g liver tissue was homogenized in 4 ml homogenizing buffer containing 300 mM sucrose, 25 mM imidazole, 1 mM EDTA, 0.1 mg/ml pefabloc, 4 mg/ml leupeptin, 184 mg/ml sodium orthovanadate, 1 mg/ml sodium fluoride, and 82 ng/ml okadeic acid (Sigma; St Louis, MO). Similarly, EDs (pooled from two animals within the same group) were homogenized in 500 ml homogenizing buffer. Protein concentration of the samples was assessed using Pierce BCA (Pierce Biotechnology; Rockford, IL), and all samples were adjusted to the same level. Sample buffer was added to a final concentration of 485 mM Tris-HCl, 8.7% glycerol, 104 mM SDS, 20 mM DTT, and 0.9 mM bromphenol blue. Samples were heated for 10 min at 90C (liver samples) or for 15 min at 60C (ED samples) and run on 12% polyacrylamide gels. Proteins were electrotransferred to PVDF blotting membranes (Millipore Corporation; Bedford, MA) and blocked for 1 hr in PBS-T (80 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , 100 mM NaCl, 0.1% Tween 20, pH 7.5). Membranes were washed and incubated overnight at 4C with anti-AQP9 antibody (Santa Cruz Biotechnology; Heidelberg, Germany). Blots were washed in PBS-T and incubated for 1 hr with horseradish peroxidase (HRP)-conjugated secondary antibody (Dako; Copenhagen, Denmark). After the final washing in PBS-T, proteins were visualized using the ECL Plus chemiluminescence system (Amersham; Buckinghamshire, UK). To confirm specificity of the primary antibody, some membranes were incubated with primary antibodies preabsorbed with the immunizing AQP9 peptide.
Immunohistochemistry
Animals (n56) were anesthetized using 4% halothane followed by 1% halothane for maintenance in 1:1 N 2 O/O 2 . Liver was perfused in situ through the aorta using 4% formaldehyde in phosphate buffer, pH 7 (Bie and Berntsen; Rødovre, Denmark). A section of the liver was immersed in formaldehyde and then paraffin embedded. EDs were fixed by immersion in Bouin's solution (Sigma) and embedded in paraffin. All sections were treated similarly, and immunohistochemical procedures were similar for ER and AQP9. In short, tissue sections were dewaxed in xylene (Bie and Berntsen) and rehydrated through decreasing concentrations of ethanol (De Danske Spritfabrikker; Aalborg, Denmark). Antigen retrieval was done by microwave irradiation in 0.01 sodium citrate buffer, pH 6, and then blocked for endogenous peroxidase by incubation with 3% H 2 O 2 for 10 min. Nonspecific binding was blocked using 1% BSA in PBS. Sections were incubated overnight at 4C with the respective primary antibody. The polyclonal AQP91-A antibody (Alpha Diagnostic International; San Antonio, TX) raised in rabbit was used for detection of AQP9. Antibody dilution used was 1:200 for AQP9.
After incubation with the primary antibody, tissue sections were washed and incubated with a HRPlabeled polymer conjugated with secondary antibodies (EnVision1 System; Dako, Carpinteria, CA). Visualization was done by adding 3,3 ¶-diaminobenzidine (DAB), washing, and counterstaining with hematoxylin. Finally, tissue sections were dehydrated and mounted with Eukitt (Bie and Berntsen). No staining was detected when the AQP9 antibody preabsorbed with the synthetic AQP9 peptide was used as the first antibody (results not shown).
mRNA Quantification
Tissues for mRNA quantification (ED and liver, n56) were immersed into liquid nitrogen immediately after sacrificing the animals. Total RNA was purified from ED and liver using Trizol Reagent (Invitrogen Ltd.;
Leek, Belgium) in accordance with the manufacturer's protocol, and cDNA was prepared using Geneamp RNA PCR kit (Applied Biosystems; IJssel, The Netherlands).
Primers were designed to span the intron region between two exons and were thus cDNA specific. For 18S rRNA analysis, we used a commercially available probe and primer solution (TaqMan RRNA control reagents, VIC Probe; Applied Biosystems, Foster City, CA). For AQP9 the following nucleotides were used (all purchased from TIB MolBiol; Berlin, Germany): forward primer: 5 ¶-ggT CTT Tgg CAT TTA TTA TgA T-3 ¶, reverse primer: 5 ¶-Agg AAC ATg gTA gAC ACC ACT Tg-3 ¶, TaqMan probe: 5 ¶-FAM-AgC TCC ATT CAT ATC CAC gCC Agg T-TAMRA-3 ¶. AQP9 and 18S RNA levels were quantified in separate tubes. Final concentrations of probe and primers were 0.2 and 0.5 mM, respectively. PCR reactions were performed in triplicate in the LightCycler system (Roche Diagnostics; Hvidovre, Denmark) in 15-ml reactions. A total of 0.5 ml cDNA preparation was mixed with MgCl 2 (final concentration 7 mM) and 1.5 ml LightCycler master mix.
For the PCR reaction the following protocol was used: activation of TAQ polymerase (95C for 10 min), 45 cycles of 95C for 2 sec, 60C for 50 sec followed by single fluorescence measurement and cooling to 40C for 30 sec. For each animal the individual level of initial target cDNA was expressed as the difference in Ct values (cycle number at detection threshold -crossing point) between the average of the triplicate of AQP9 and the average of the triplicate of 18S in the parallel samples. The relative amount of target mRNA normalized to 18S mRNA was calculated as 2 -dCt .
Average standard deviation (SD) on triplicates was 8.8%. SD of repeated measurements of the same sample (the control) in separate experiments was 10.0%. PCR was quantitative over a range of 250-fold dilution.
Statistics
All data were tested for normal distribution and homogeneity of variance by Shapiro-Wilk's and Levenes test, respectively. Effects of the exposure were tested with Student's t-test for independent samples; p,0.05 was considered significant.
Results
BWs and relative and absolute liver and kidney weights were unaffected by DES treatment, whereas relative and absolute testis weights were significantly decreased after DES treatment (Table 1) .
Hepatic AQP9 mRNA level normalized to 18S in the liver was significantly reduced in the DES-treated animals compared with the placebo group, p,0.05 (Figure 1) . Immunoblotting revealed an z33-kDa band in liver (and ED). Hepatic AQP9 protein level was reduced in the DES group compared with the placebo group, p,0.001 (Figure 1 ). Immunostaining revealed intense AQP9 expression localized selectively to the basolateral membrane of the hepatocytes (Figure 2 ). Liver tissue from control animals revealed a homogeneous staining between the portal system and the central vein (CV), except for the hepatocytes in the periportal zone (PZ) that expressed less AQP9 protein (Figure 2, lower left panel) . In the DES-exposed rats, PZ 
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Expression of AQP9 in Liver and Efferent Ducts lacking staining had extended, whereas staining in the periacinous zone (closest to the CV) was similar to the control animals (Figure 2, lower right panel) .
In the ED, AQP9 protein level was significantly increased by 300% in the DES-exposed group, p,0.01 (Figure 3) . No labeling was detected using anti-AQP9 preabsorbed with the immunizing peptide. To ensure an even protein loading, actin labeling was performed, and no difference was found between the exposed and the control group (results not shown). In contrast to the AQP9 protein level, there was no change in AQP9 mRNA levels between groups (Figure 3 ). In Figure 4 the distribution of AQP9 in the ED is shown in control (left) and DES (right) -exposed animals. After DES treatment, ED were dilated with decreased epithelial cell height. AQP9 expression in the ED was confined to the epithelial cells; however, whether DES treatment had changed AQP9 expression was difficult to interpret from the immunohistochemical findings.
Discussion
In this study we examined AQP9 expression in the liver and ED in rats after neonatal exposure to the synthetic estrogen, DES. Overall, we observed downregulation in the liver and upregulation in the ED. AQP9 expression in the liver was confined to the basolateral membrane of the hepatocytes in male rats as recognized by others (Elkjaer et al. 2000; Nihei et al. 2001; Huebert et al. 2002; Carbrey et al. 2003; Talbot et al. 2003) . Interestingly, a recent study revealed that the tissue-specific expression seems to be sex linked: females had the strongest expression close to the CV (the periacinous zone), whereas males had a more homogeneous expres-sion pattern in both the periacinous and PZs (Nicchia et al. 2001) . Indeed, males had higher liver expression of AQP9 overall, at both the mRNA and protein level, compared with females. In the present study the decreased hepatic AQP9 expression of both mRNA and protein, as well as the decreased staining of AQP9 in the PZ observed after DES exposure, suggests a feminization of the treated animals compared with the controls. An estrogenic effect of DES is further supported by the lower testis weights.
In a recent study by Carreras et al. (2007) , adult male Wistar rats were administered 5 mg ethinylestradiol/kg BW/day for 5 days to induce intrahepatic cholestasis. Treated animals had decreased BW and increased liver weight indicating a general toxic response, whereas ethinylestradiol-induced cholestasis did not seem to change the protein level or localization of AQP9. In comparison, the dose and timing used in this study were very different; we only exposed our rats to 4.8 mg DES/day, corresponding to z80 mg DES/kg BW/day for 18 days. We found no changes in either BW or liver weight, whereas both protein and mRNA AQP9 expression were downregulated, and the intrahepatic immunoexpression pattern had changed. Differences between findings of the two studies support the hypothesis that neonatal animals are more susceptible to estrogen-induced changes compared with adult animals.
Key results from AQP9 knockout mice revealed that these animals have increased plasma levels of glycerol and triglycerides compared with controls (Rojek et al. 2007 ). This provides evidence that AQP9 is important in hepatic glycerol metabolism.
Estrogen replacement in ovariectomized mice and virgin female rats has previously been reported to inhibit gluconeogenesis and increase glycogen storage in liver and muscle (Matute and Kalkhoff 1973; Ahmed-Sorour and Bailey 1981) . Moreover, ovariectomized rats displayed increased basal plasma glucose levels that were normalized or even further decreased after estrogen replacement (Mandour et al. 1977; Ahmed-Sorour and Bailey 1980; Bailey and Ahmed-Sorour 1980) . Further evidence for estrogen regulation of plasma glucose levels was found in male aromatase (converting androgens to estrogens) knockout mice that developed glucose intolerance and insulin resistance after 12 weeks (Takeda et al. 2003 ). In addition, ERa knockout mice had higher fasting blood glucose and plasma insulin compared with controls (Bryzgalova et al. 2006 ). Furthermore, DES, the synthetic estrogen used in this study, has previously been reported to inhibit glucagon release from the pancreas (Alonso-Magdalena et al. 2005) . Glucagon plays at least two roles in the regulation of blood glucose by the liver: (1) activation of protein kinase and phosphorylase kinase leading to glucogen cleavage, thus increasing glucose availability and (2) glucagon regulates the expression of AQP7 in adipose tissue and AQP9 in hepatocytes. It has been proposed that glycerol is shuttled from adipocytes to the liver where it is a substrate for gluconeogenesis (Kuriyama et al. 2002) . Accordingly, reduced glucagon release may be the mechanism whereby DES downregulates hepatic AQP9.
Specific downregulation of AQP9 in the PZ visualized by immunostaning may arise from a higher gluconeogenetic activity as previously shown in this particular tissue region (Jungermann and Kietzmann 2000) . Together, estrogens regulate blood glucose levels at several points, and the downregulation of hepatic AQP9 in the PZ observed after DES exposure presumably results in inhibited glycerol influx with decreased gluconeogenesis.
ED has two principal functions, namely, sperm transport and fluid reabsorption. Approximately 90% of the luminal fluid from the rete testis is reabsorbed to concentrate sperm prior to its entering the epididymal lumen (Clulow et al. 1998) . Recently, AQP9 knockout mice were bred and the homozygous AQP9 2/2 males were fertile with normal sperm motility and morphology (Rojek et al. 2007) . Unfortunately, EDs were not examined and, even though fertility was normal, an upconcentration defect of the sperm (with diluted ED due to inhibited fluid reabsorption) may be possible. AQP1, also expressed in the ED, is susceptible to alterations in expression by neonatal estrogen treatment (Fisher et al. 1998 (Fisher et al. ,1999 , and Fisher et al. (1998) found decreased AQP1 expression, epithelial cell height, and testis size particularly on PND 18 and 25 after neonatal DES exposure in rats. Our experiments were performed with comparable dose and time exposure Figure 2 Immunostaining of AQP9 in the liver from rats neonatally exposed to DES (right upper and lower panels) or placebo (left upper and lower panels). Intense immunostaining was observed only on the sinusoidal membrane of the hepatocytes. CV represents the central vein (terminal hepatic vein) that drains the blood supplied from the portal system (P) with the portal vein and the hepatic artery. PZ represents the periportal zone. Bars: Upper panel 5 100 mm; lower panel 5 25 mm.
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Expression of AQP9 in Liver and Efferent Ducts to DES as used by Fisher et al. (1998) to investigate possible concurrent changes in AQP9 expression. Animals were sacrificed on PND 20, and it has previously been shown that rats aged 21 days have an AQP9 expression pattern similar to that of adult rats (Badran and Hermo 2002) .
AQP9 seems to be of great importance in fluid transport regulated by ER in the reproductive system. In females, AQP9 immunoreactivity of the oviducts was lost after ovariectomy, whereas replacement with estradiol or estradiol and progesterone restored immu-noreactivity and increased both protein and mRNA levels of AQP9 (Branes et al. 2005) . In the ED of the male reproductive tract, we found a 300% increase in AQP9 protein expression in DES-treated animals compared with controls, whereas mRNA level was similar in the two groups. Anti-AQP9 staining was observed in the epithelial cells facing the tubuli lumen and no clear up-or downregulation was observed after DES treatment. Nonetheless, the dilated lumen of the DEStreated animals (as described by others) (Fisher et al. 1998 ) may increase the area where AQP9 is expressed, which supports the observed upregulated protein level. The markedly dilated ED are also observed in ERa knockout mice and are due to inhibited fluid reabsorption causing increased intratubular pressure (Eddy et al. 1996; Hess et al. 1997a) . Discrepancy in protein and mRNA expression levels may be explained by a decreased turnover of AQP9 protein or by increased likelihood of the epitopes to be recognized by the AQP9 antibodies in the DES-treated animals compared with the control. Given the striking increase in protein expression and the large SD values in mRNA measurements, a true increase in AQP9 expression after neonatal DES exposure is likely. Supportive data from adult rats include that decreased AQP9 expression due to castration was alleviated by estradiol, whereas antiestrogen treatment reduced AQP9 expression (Oliveira et al. 2005; Picciarelli-Lima et al. 2006) . Concurrently, anti-estrogen exposure decreased ERa expression, supporting a direct regulation of AQP9 by estrogens (Oliveira et al. 2003) . These findings, along with previous findings, indicate that the estrogenic regulation of AQP9 is important throughout life. In conclusion, estrogens upregulate AQP9 channels in the ED after neonatal DES exposure; however, this may be attributed to a widening of the ED lumen caused by inhibited fluid reabsorption and increased intratubular pressure. In the liver, neonatal DES exposure caused a downregulation of AQP9 channels, particularly in the periacinous zone. Estrogens regulate blood glucose levels, and a downregulation in hepatic AQP9 may result in reduced glycerol influx, decreased gluconeogenesis, and decreased blood glucose level.
